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tip of a gas turbine blade in a five-bladed stationary linear cascade. The blade is a 2-dimensional model of a modem first stage gas turbine rotor blade with a blade tip profile of a GE-E 3 aircraft gas turbine engine rotor blade. A squealer (recessed) tip with a 3.77% recess is considered here. The data on the squealer tip are also compared with a flat tip case. All measurements are made at three different tip gap clearances of about 1%, 1.5%, and 2.5% of the blade span. Two different turbulence intensities of 6.1% and 9.7% at the cascade inlet are also considered for heat transfer measurements. Static pressure measurements are made in the mid-span and near-tip regions, as well as on the shroud surface opposite to the blade tip surface. The flow condition in the test cascade corresponds to an overall pressure ratio of 1.32 and an exit Reynolds number based on the axial chord of !. lxl06. A transient liquid crystal technique is used to measure the heat transfer coefficients.
Results show that the heat transfer coefficient on the cavity surface and rim increases with an increase in tip clearance. The heat transfer coefficient on the rim is higher than the cavity surface. The cavity surface has a higher heat transfer coefficient near the leading edge region than the trailing edge region. The heat transfer coefficient on the pressure side rim and trailing edge region is higher at a higher turbulence intensity level of 9.7% over 6.1% case. However, no significant difference in local heat transfer coefficient is observed inside the cavity and the suction side rim for the two turbulence intensities. The squealer tip blade provides a lower overall heat transfer coefficient when compared to the flat tip blade. 
INTRODUCTION
To achieve higher thermal efficiency and thrust modem gas turbine engines operate at high combustor outlet temperatures of 1300-1500C.
Turbine blades are exposed to these high temperature gases and undergo severe thermal stress and fatigue. Blade tips are one of the most susceptible regions, because they are difficult to cool and are subject to potential damage due to the large thermal load.
The hot gases flowing through the gap between the blade tip and the shroud cause this large thermal load on the blade tip. This flow sometimes called tip leakage flow, accelerates due to the pressure difference between the pressure and suction sides of the blade, which causes thin boundary layers and high heat transfer rates. This tip leakage flow is undesirable because it chips away the pressure side tip comer from the mid-chord to the trailing edge. As the blade tip is chipped away, the tip gap width increases allowing more leakage flow through the tip gap and accelerating blade tip failure. Thus, it increases the losses in the flow.
It is recognized
that the blade tip geometry and subsequent tip leakage flows significantly effect the aerodynamic efficiency of turbines. The influence of tip gap on turbine efficiency is so significant that designers have a strong desire to improve the efficiency by decreasing the tip-to-shroud operating gaps, or by implementing more 1 This is a preprint or reprint of a paper intended for presentation at a conference. Because changes may be made before formal publication, this is made available with the understanding that it will not be cited or reproduced without the permission of the author. They performed experiments using cavities of varying depth-to-width (width of the cavity) and tip gap-to-width (width of the cavity) ratios, and incorporated the effect of relative motion by introducing a moving shroud surface over the grooved tip model.
They reported that the local heat transfer coefficient in the upstream end of the cavity is greatly reduced when compared with a rectangular flat tip, while in the downstream end of the cavity, the heat transfer coefficient is higher due to flow reattachment inside the cavity.
They concluded that for a given pressure difference across the gap, there is an optimum value of depth-to-width ratio beyond which no further flow reduction will occur. They recommended shallow cavities if overall heat transfer reduction on the cavity wall is desired. and a tip gap clearance of I%, 1.5%, and 2.5% of the blade span. Two inlet free-stream turbulence intensity levels are also considered. The effect of unsteady wakes, shock waves, and blade rotation, which may be important in real operating condition, is not considered here. However, it provides a basic information of heat transfer and pressure distribution on a gas turbine squealer blade tip. This data is presented in a standard format with standardized boundary conditions that could also be used by numerical people in the gas turbine community. A turbulence-generating grid of 57% porosity is also placed at this location for high turbulence tests. The turbulence grid is composed of 12.25-mm wide square bars with 33.02 x 27.94 mm opening between bars. Hot film anemometry measurements, using a TSI IFA-100 unit, show that the free-stream turbulence intensity at a distance of 6 cm upstream from the blade leading edge is 6. 1% without the turbulence grid and 9.7% with the turbulence grid. Turbulence length scale is estimated to be 1.5 cm for 9.7% turbulence case, which is slightly larger than the turbulence grid size. This dimension is three times (3X) the dimensions of a GE-E a blade profile. The blades are made of aluminum and are EDM machine finished.
EXPERIMENTAL
The test section's top, bottom, and sides are made of 1.27 crn thick clear Polycarbonate (Lexan); however, a 1.2 cm thick clear acrylic replaces the top cover plate (shroud) for heat transfer tests, to facilitate the best optical access to the test blade (center blade). Two separate but identical blades are used for both the pressure and heat transfer measurements.
Each blade has a constant cross section for the entire span and represents the tip section of an aerodynamic turbine blade. The blade leading edge pitch (p) is 9.15 cm and the axial chord length is 8.61 cm. The throat diameter at the point of minimum distance between two blades is 4.01 cm, which, with a span of 12.2 cm, gives a throat aspect ratio of about 3. The inlet flow angle to the test blade is 32.01°and the exit angle is 65.7°, giving a total turning of 97.71°. The center blade has a 4.6 mm recess (depth of the cavity, H), which is 3.77% of the blade span (12.2 cm). A tip gap (C) is maintained between the tip and shroud surfaces as shown in Figure  2 . The tip gaps used for this study are i.31 ram, 1.97 ram, and 3.29 ram, which correspond to about 1%, 1.5%, and 2.5% of the blade span (12.2 can). Hard rubber gaskets of desired thickness are placed on top of the sidewalls, the trailing edge tailboards, and the two outer guide blades to create tip gaps of desired height. The pressure tap blade is made of aluminum with several sets of pressure taps as shown in Figure 3 . The pressure taps are placed on both the pressure and suction surfaces.
Pressure taps are also placed on The tap holes (1.35 mm diameter) are located in the mid-span (50% of blade height) of the blade, at a height of 80%, 90%, and 97% of the span as measured from the base of the blade.
A total of 52 pressure taps measure the shroud surface pressure. The base thickness of the polycarbonate shell underneath the cavity is 6.35 mm and the wall that surrounds the inner aluminum core has a thickness of 3.175 mm. The polycarbonate shell is closely fitted with the inner aluminum core. The shell is also glued to the inner core through the rim contact surface for better rigidity. Three cartridge heaters are embedded into the inner core. The cartridge heaters provide heating to the aluminum core, which in turn heats the outer polycarbonate shell. The blade is fastened to the bottom endwall with screws. The coefficient of pressure is defined as:
mm
Here, Pavg is the average static pressure as measured by the inlet (or exit) plane pressure taps, Pt is the total inlet pressure, and P is the local static pressures as measured by the inlet (or exit) pressure taps. This Cp actually represents a non-dimensional velocity field, which is important for a quick review of the velocity field pattern. 
Static pressures
are also measured at 80%, 90%, and 97% height of the blade span on both the P/S and S/S, and also on the shroud surface.
Pressures are recorded with a 48-charmel Scanivalve System coupled with LabView 5.0 software. LabView discarded all data that fell outside the initial mean :tl.5 standard deviation.
It then recorded the mean value of the screened data. Every pressure measurement is repeated at least three times to reduce operating uncertainty and to verify the repeatability of the data. The blow down facility is capable of giving a steady flow (the velocity variation is within :t 3%) for about one minute.
The scanivalve can step through all 48 channels in this one minute to capture the pressure data. Figure  6 shows the ratio of the total to local static pressure distributions on the P/S and the S/S at different height of blade span for 1.97 mm (1.5% of the span) tip gap and inlet Tu =6.1% only. The ratio of pressure distribution (Pr/P) is presented as a function of normalized axial distance (X/C,). A higher value of Pt/P corresponds to a lower static pressure, while a lower value corresponds to a higher static pressure. The static pressure difference between the P/S and the S/S is the main driving force for the leakage flow. Figure  6 clearly shows that the maximum static pressuredifference occurs at a distance of 20-30% of the axial chord from the leading edge at 50% of the blade span.
This location of maximum pressure difference has shifted toward the TE at 97% of the blade span, and the maximum static pressure difference occurs at about 40-50% of the axial chord from the LE. This shift is because of the leakage flow through the tip gap. pressures (P/P) contours on the shroud surface for three different tip gaps at Tu = 6.1%. Figures 7a, b , and c are for the squealer tip at 1%, 1.5%, and 2.5% tip gap, while 7d is for the fiat tip at 1.5% tip gap. This contour plot helps explain the heat transfer results on the tip surface.
The small circles on the contour plots represent the pressure tap locations relative to the tip. The pressure taps along the tip perimeter are connected by a line to indicate the tip dimension. A smaller Pt/P value means higher static pressure, while a larger value means a lower static pressure.
This pressure ratio distribution clearly demonstrates the tip leakage flow path. The lower Pt/P value on the P/S indicates that the leakage flow enters the tip gap at this location, while the higher Pt/P value on the S/S indicates that the leakage flow exits the tip through this location.
The flow situation in the squealer tip case represents a flow field inside a cavity. In the flow path through the tip gap, a separation vortex generates as the flow separates at the pressure side rim. The flow reattaches inside the cavity and separates again when exiting through the suction side rim. Ameri et al. (1997) also predicted this phenomenon. The flat tip case in Figure 7d shows a higher value of Peep near the mid-suction side, which indicates a very low static pressure in this region. For the same tip gap, the squealer tip in Figure  7b shows a much higher static pressure. This means that the leakage flow rate through the flat tip gap is higher than the squealer tip for the same tip gap. The flat tip case also shows that the lower static pressure extends toward the trailing edge through the camber line, thus leading the flow 
Here, Tw (30C), Ti (60C), T,_ (24C), t (-10-30 sec), k (0.18 W/m K), and a are known. The experimental uncertainty is measured using the methods of Kline and McClintock (1953) . The uncertainty of the local heat transfer coefficient measured by this method is estimated to be + 7.9 % or less. This uncertainty estimation does not include the effect of 2-dimensionality near the edges. Note that the acrylic blade material (polycarbonate) has a very low thermal conductivity of 0.18 W/m K. The liquid crystal color change transition occurs at the surface, which is kept at a uniform initial temperature.
The test duration is also smaller (-10-30 sec) than the time required for the temperature to penetrate the full thickness of the insulating acrylic material.
Thus, a 1-D transient, semi-infinite solid assumption is valid throughout the surface, except near the edges. Due to this I-D assumption, the results at the tip edges are less reliable, and may suffer more uncertainty than the reported value because of the existing two-dimensional conduction effect. (2000) for the fiat tip case at 1.5% tip gap is also presented in Figure  8d . The distribution clearly shows various regions of low and high heat transfer coefficients on the tip cavity and rim surface. The magnitude of the heat transfer coefficient varies from 350 to 1150 W/m2K inside the cavity and on the trailing edge portion downstream of the cavity. However, the heat transfer coefficient on the rim is much higher at about 1100 to 1700 W/m2K. We present the plots in the range of 400-1100 W/m2K to clearly distinguish different lower and higher heat transfer zones inside the cavity. The average heat transfer coefficient values on the rim are presented separately in a line plot to show the magnitude of the heat transfer coefficient on the rim. The flat tip result in Figure 8d shows that a very low heat transfer coefficient region exists near the leading edge suction side.
In the mid-chord region, the heat transfer coefficient is higher toward the pressure side than the suction side, while the trailing edge has a lower heat transfer coefficient.
Upon comparison of the fiat tip result of Figure 8d with the squealer tip result in Figure 8b for the same tip gap, a higher local heat transfer coefficient is observed on the bottom of the cavity toward the leading edge. The local heat transfer coefficient in the trailing edge region is also higher than the fiat tip case. The heat transfer coefficient on the pressure side rim is comparable to the fiat tip case, while the suction side rim shows a higher heat transfer coefficient than the fiat tip case. On the cavity bottom, the heat transfer coefficient is higher in the The high heat transfer on the rim may be due to the flow entrance and exit effect.
The leakage spills out of the cavity and exit through the suction side rim and the trailing edge. This may cause more mixing, resulting in a higher heat transfer coefficient in the suction side rim and the trailing edge than the flat tip case. The tip gap from 1.5% to 1% and 2.5% has an effect similar to that in the low turbulence case. However, the turbulence effect is more prominent at the larger tip gap of 2.5%. The averaged heat transfer coefficients are presented in Figures  10a and b for the three different tip gaps and at 6.1% and 9.7% turbulence intensities, respectively. The averaged heat transfer coefficient is calculated and plotted as a function of normalized axial distance from the leading edge. The result shows that the heat transfer coefficient inside the cavity and on the rim increases with tip clearance.
For each tip gap case, the heat transfer coefficient inside the cavity initially increases slightly along the axial chord, then levels off and decreases toward the downstream edge. The highest heat transfer coefficient is observed on the rim at the leading edge. The heat transfer coefficient on the suction side rim is higher up to the mid-chord than the pressure side rim, the pressure side rim then shows a higher heat transfer coefficient than the suction side rim. Turbulence has a greater effect on the pressure side rim and the trailing edge than the cavity. As seen in Figure 10b , this effect is prominent at larger tip clearances.
CONCLUSIONS
This study investigated the effect of tip gap and inlet turbulence intensity on detailed local heat transfer coefficient on the squealer tip surface of a gas turbine blade. The result is also compared with the flat tip case. The blade tip model is a 2-dimensional profile of an E3 blade of an aircraft gas turbine engine with a 3.77% cavity recess. A transient liquid crystal technique is used to detail heat transfer measurements.
Pressure distributions in the near tip region and on the shroud surface provide complementary information explaining the local heat transfer behavior on the tip surface in a five-blade stationary linear cascade.
A typical operating condition having a Reynolds number based on airfoil axial chord and an exit velocity of 1.1xl06 and an overall pressure ratio of 1.32 is used to measure the pressure and heat transfer coefficients. The major findings are:
1)
Detailed measurements provide a better understanding of the local heat transfer behavior on the blade tip surface.
2)
The pressure measurements in the near tip and on the shroud surface provide complementary information of the tip leakage flow pattern.
This pressure data provides a basis for determining the tip leakage flow, and it also explains the heat transfer results.
This detailed pressure and heat transfer measurement also provides a reference for further experimental or computational study.
3)
Different heat transfer regions exist on the cavity surface. The front-central portion of the cavity surface contains a high heat transfer region, while a low heat transfer region exists around this region and toward the downstream of the cavity.
4)
A higher heat transfer coefficient exists on the rim surface because of the entrance and exit effect. The trailing edge region also contains a high heat transfer coefficient.
5)
A larger tip gap results in a higher heat transfer coeffÉcient, while a smaller tip gap results in a lower heat transfer coefficient. This is because a larger tip gap increases the magnitude of the tip leakage flow, while a smaller tip gap decreases it.
6)
An increase in the inlet turbulence intensity level from 6.1% to 9.7% slightly increases the heat transfer coefficient along the pressure side rim and the trailing edge region.
7)
The heat transfer coefficient in a squealer tip is higher near the central upstream end of the cavity and the trailing edge region, while it is much lower in the mid-chord toward the pressure side and downstream end of the cavity when compared to the flat tip case.
The Squealer tip cavity rim has the same level of heat transfer coefficient on the pressure side but a higher heat transfer coefficient on the suction side when compared to the flat tip case. However, the squealer tip provides an overall lower heat transfer coefficient when compared to the flat tip case. 
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